It has been suggested that the BCR-ABL gene of chronic myeloid leukemia (CML) is not uniformly expressed in Philadelphia (Ph)-positive cells, and that BCR-ABL gene expression precludes transcription of the normal BCR or ABL genes. Therefore, we have analyzed granulocyte-macrophage colony-forming unit (CFU-GM) colonies derived from peripheral blood of 11 CML patients by cytogenetic and by reverse transcriptase-polymerase chain reaction (PCR) amplification of BCR-ABL, ABL-BCR, BCR, and ABL. All CFU-GM colonies with analyzable metaphases were found to contain a Ph chromosome. In 2 patients, the initial PCR screening failed to detect BCR-ABL transcripts in 2 of 11 and 1 of 7 Ph-positive colonies. However, when amplification for BCR-ABL was re- 
C MATERIALS AND METHODS

Patients.
Eleven patients with CML in chronic phase were studied at diagnosis. Ten cases had BM and PB entirely Ph-positive by routine cytogenetic analysis; one patient (no. 3) had a Ph-negative karyotype.
Growth and isolation of CFU-GM colonies. Mononuclear cells were separated by Lymphoprep (Nycomed) from fresh or cryopreserved PB leukocytes and were cultured in RPMI 1640 medium supplemented with penicilin, streptomycin, L-glutamine, and 10% fetal calf serum at 2 X lo6 cells/mL. After 24 hours in liquid culture, cells were plated in methycellulose assay' containing 5% conditioned medium from the bladder carcinoma cell line 5637, 25 ng/mL interleukin-3 (Genzyme Corp, Boston, MA), and 60 ng/mL granulocyte colony-stimulating factor (Amgen, Thousand Oaks, CA). The number of cells plated (IO4 per dish) was kept low to eliminate colony overcrowding. Multiple dishes were incubated at 37°C in a humidified atmosphere with 5% CO2 for 14 days. Each dish produced on average 15 to 25 colonies. Before harvesting, 100 pL of a 0.1 pg/mL Colcemid solution (GIBCO, Grand Island, NY) were gently added to the methylcellulose surface, and the dishes were reincubated at 37°C for a further 2 hours. Individual and well-separated peated in quintuplicate, all but 1 colony from a single patient showed one or more positive results. Amplifications of the four genes in each colony showed that BCR-ABL, ABL-BCR, and the normal BCR and ABL were simultaneously expressed in the majority of CFU-GM colonies. Replicate PCR tests for BCR and for ABL in colonies initially scored as negative also uncovered previously undetected positive amplifications. We conclude that BCR-ABL expression does not suppress transcription from the normal BCR and ABL genes, and that Ph-positive, BCR-ABL-negative colonies derived from peripheral blood CFU-GM are rare or nonexistent.
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colonies were plucked from the methylcellulose using a micropipette fitted with a sterile plugged tip and dispersed into 20 ,uL RPMI medium in a microtiter plate well. The cell suspension was then split into two, half for cytogenetics and the other half for RNA extraction. A methylcellulose droplet from an area of the dish containing no cells was plucked as a negative control for the K R s . Similar day-14 CFU-GM colonies were obtained from PB monocytedepleted mononuclear cells from 2 normal individuals (plated at 4 X lo5 per dish) and from the KYO-l Ph-positive cell line (plated at 3 x IO3 per dish). These colonies were processed and split as described above, but only the half portion for RNA extraction was used for control experiments in this study.
Cytogenetics of colony cells. Preparation of colony cells for cytogenetic analysis was performed essentially as described elsehere.^.^ Air-dryed slides were treated for G-banding according to standard methods.
Reverse transcription and PCR. Cells from the second half of each colony were lysed in 500 pL guanidium thiocyanate solution and stored at -20°C until processed for RNA extraction: using 40 pg of Escherichia coli t-RNA (Sigma, St Louis, MO) as a carrier. The precipitated RNA from each colony was washed in 80% ethanol, dissolved in 20 pL diethylpyrocarbonate-treated sterile water, and reverse-transcribed into cDNA in a 40 pL reaction primed with random hexamers, exactly as previously described. 6 PCR amplifications were performed in 20-pL reactions containing 12 mmol/L Tris (pH 8.3); 60 mmoVL KCI; 1.5 mmoVL MgCI'; 250 pmoVL each deoxyadenosine triphosphate, deoxycytidine triphosphate, deoxyguanosine triphosphate, and deoxythymidine triphosphate; 5 pmol/L each sense and antisense primers; 1 U Taq polymerase; and 1 or 5 pL cDNA template depending on the type of experiment (see below). A 1 -pL product from this first step PCR was 
reamplified with internal primers under identical reaction conditions.
Thermocycling parameters were 35 cycles o f denaturation at 95°C
for 30 seconds, annealling at 60°C for 50 seconds, and extension at 72°C for I minute, followed by a final IO-minute extension at 72°C.
Each PCR experiment included a control reaction without template cDNA, a blank control for RNA extraction, and a blank control for cDNA synthesis. Rigorous precautions were taken to eliminate the possibility o f false-positive results, as described elsewhere.' The sequences o f the synthetic oligonucleotide primers used i n this investigation are shown on 
Quanf$cafion of BCR-ABL fmnscripts. Competitive PCRs to
estimate the number of BCR-ABL transcripts in CFU-GM colonies were performed as described elsewhere.x
RESULTS
The number of colonies studied per patient was 7 to 32 (mean, 16). Additional colonies were harvested in assays from 4 patients for cell counts and preliminary cDNA titration experiments. The day-l4 CFU-GM colonies contained on average 500 to I.000 cells, as assessed by cell counts of 7 colonies from each of two independent methylcellulose assays.
Cytogenetics. Cytogenetic analysis of CFU-GM colonies was not uniformly successful ( Table 2) . Although a few metaphases could be found in preparations from the majority of colonies, most of them were of poor technical quality and, therefore, not reliable for identifying or excluding a Phchromosome. Attempts to arrest a larger fraction of cells in metaphase by longer incubations of up to 24 hours with Colcemid resulted in a general worsening of chromosome morphology and were discontinued. Thus, cytogenetic results were recorded only for those colonies in which at least two well-spread metaphases could be analyzed. Except for patient no. 3 (Ph-negative, BCR-ABL-positive), all CFU-GM colonies with analyzable metaphases contained a Ph chromosome.
Assessment of gene expression by RT-PCR. Our main objective was to investigate whether all PB myeloid progenitors from CML patients at diagnosis carried a functional (Fig 1) and the remaining Abbreviation: NA, not applicable (ABL-BCR-negative patients).
cDNA could be kept available for repeat tests. Colonies were scored for PCR results if at least one of the six gene transcripts could be amplified. The initial tests on Cm-GMs from the 11 patients showed that BCR-ABL transcripts could be detected in 62% to 100% of the colonies (Table 2) . Transcripts from BCR, normal ABL (Ib and Ia), and the ABL-BCR hybrid gene were detected in 73% ? 25.5% (mean ? SEM; range, 53% to loo%), 75% ? 22.6% (range, 57% to 100%), and 55% ? 21.6% (range, 40% to 92%) of the colonies from the 11 patients studied, respectively. Control experiments were performed with samples known to lack one or more of the genes studied. Thus, PCR amplifications of 8 and 13 colonies, respectively, from 2 normal individuals showed that no colony produced BCR-ABL or ABL-BCR PCR products; all 8 colonies from 1 individual were ABL(1b)-and BCR-positive; in the second individual, 10 of 13 and 12 of 13 colonies were ABL (1b)-and BCR-positive, respectively. Similar tests of 12 colonies from the KYO-l cell line, which does not contain a normal chromosome 9 and does not produce normal ABL(Ib) transcripts,' showed that all 12 colonies were positive for BCR-ABL and normal BCR; 10 of 12 colonies were ABL(1b)-BCR positive, but normal ABL(Ib) PCR products were not detected in any colony. These results suggest that the RT-PCR amplifications were allele-specific.
BCR-ABL and the normal BCR were simultaneously detected in the majority (53% to 100%) of colonies from all patients (Table 3) . In 7 patients, a variable proportion of colonies showed either BCR (6% to 31%) or BCR-ABL (7% to 47%) detectable transcripts, but no case was found in which BCR and BCR-ABL expression was mutually exclusive. Similarly, simultaneous detection of BCR-ABL and ABL in the same colony (Table 3) showed that the pattern was heterogeneous and that there was a predominance of colonies (57% to 100%) expressing both BCR-ABL and the normal ABL genes.
Verification of negative PCR results. The randomness of the results from amplifications of the various transcripts suggested that a technical rather than a genuine biologic phenomenon could be responsible for the apparent lack of expression of some genes in individual colonies. Therefore, PCR amplifications for BCR-ABL were repeated in quintuplicate (Fig 2) with 1 pL cDNA from the negatively scored colonies from all patients with available material. All but 1 colony from a single patient showed one or more positive results. It was impossible to ascertain the Ph status of the colony without detectable BCR-ABL transcription in patient no. 9, because no analyzable metaphases were found in the corresponding cytogenetic preparation.
To validate the results of these quintuplicate tests, BCR-ABL amplifications were also repeated 5 times in all the negative controls from 9 of the 11 patients. In no instance were PCR products detected in any of the negative controls, suggesting it is unlikely that the positive results obtained from test specimens were caused by trace contaminants. Similarly, repeat BCR-ABL amplifications in colonies from the 2 normal individuals did not yield any detectable product.
Because the replicate PCRs for BCR-ABL uncovered previously undetected positive amplifications, we postulated that the same limitation could be applicable to the apparent lack of expression in some colonies of the other genes studied. Therefore, we repeated in quintuplicate the PCR amplifications for BCR and ABL on colonies from l patient (no. 8) for which cDNA was still available. BCR transcripts were now detected in 3 of 4 and ABL transcripts in 3 of 6 colonies initially scored as negative. Control quintuplicate ABL(1b) amplifications in 6 colonies from the KYO-1 cell line were all negative.
The overall results suggested that the apparently random pattern of expression of BCR-ABL and related genes by CFU-GM progenitors could be caused by poor reproducibility of amplifications from very low numbers of template transcripts. Assessment of the number of BCR-ABL transcripts in cDNA from 5 colonies from 1 patient by a competitive PCR assay showed an estimated number of less than 10 to 40 transcripts per amplification, with no significant difference between colonies initially scored as positive on the first test and those showing a positive signal only after quintuplicate analysis (Fig 3) . For 2 of these colonies, triplicate competitive PCR tests showed that the number of transcripts detected in each amplification was not always concordant, but varied within the above range. These experiments confirmed that a "sampling phenomenon" was probably the major contributor to the variability of results observed in amplifications from small numbers of transcripts.
DISCUSSION
The possible existence in CML of a Ph-positive cell population with a "silent" or nonfunctional BCR-ABL gene has important biologic and therapeutic implications, namely in the interpretation of data generated by PCR analysis of hematopoietic colonies. We have addressed this question by investigating the expression of BCR-ABL and the related ABL, BCR, and ABL-BCR genes in CFU-GM colonies derived from the PB progenitors of CML patients at diagnosis.
To establish whether all circulating progenitors carry a BCR-ABL gene and are, therefore, part of the leukemic clone, one half of each colony was assessed by cytogenetics for the presence of the Ph-chromosome. However, this assessment was hampered by the lack of good-quality analyzable metaphases in many colonies. We think this limitation, rather than being caused by trivial technical reasons, is inherent to systems of cytogenetic evaluation of very small cell samples. Only 16% to 69% of the colonies were evaluable for cytogenetic analysis, and, although all of them were found to be Ph-positive, we could not, by this method, exclude the possibility that occasional colonies were derived from Ph-negative progenitors, as has been reported previousIy.""' However, the high sensitivity of the RT-PCR assays used here was instrumental in showing the presence of an actively transcribed BCR-ABL gene in cells from the great majority of colonies. In only one colony from a single patient, were BCR-ABL transcripts repeatedly undetectable. Because no analyzable metaphases were available for this colony, we could not conclude whether this represented lack of the BCR-ABL gene (ie, Ph-negative, normal progenitor), lack of BCR-ABL transcription (ie, Ph-positive without BCR-ABL expression), or a level of transcription below the threshold of the RT-PCR detection system. Overall, the data suggest that Ph-positive, BCR-ABL-negative progenitors are probably extremely rare in the PB of CML patients.
Our data conflict with those of Keating et al," who reported that 23% of Ph-positive colonies derived from the BM of CML patients did not transcribe BCR-ABL. These discordant findings could be explained if the BM of CML patients contained two progenitor cell populations, but, by Second, the positive RT-PCR controls used in the study of Keating et al were not cDNA-specific, as we have shown elsewhere," and lack of BCR-ABL amplification in these circumstances might have been the result of poor-quality cDNA template rather than actual absence of transcripts in these colonies.
Finally, our data show that the BCR-ABL and ABL-BCR hybrid genes and the normal ABL and BCR alleles are simultaneously expressed in the majority of CML CFU-GM colonies. These findings suggest that there is no suppression of transcription of one gene by the other(s), in contrast to rep o r t~'~ that expression of BCR and BCR-ABL might be mutually exclusive in Ph-positive colonies. We conclude 
